[1] We present the very first simultaneous detection from space of a terrestrial gamma ray flash (TGF) and the optical signal from lightning. By fortuitous coincidence, two independent satellites passed less than 300 km from the thunderstorm system that produced a TGF that lasted 70 s. Together with two independent measurements of radio emissions, we have an unprecedented coverage of the event. We find that the TGF was produced deep in the thundercloud at the initial stage of an intracloud (IC) lightning before the leader reached the cloud top and extended horizontally. A strong radio pulse was produced by the TGF itself. This is the first time the sequence of radio pulses, TGF, and optical emissions in an IC lightning flash has been identified.
Introduction
[2] Terrestrial gamma ray flashes (TGFs), typically lasting 300-400 s [Gjesteland et al., 2010; Fishman et al., 2011a; Grefenstette et al., 2009] , are the most energetic natural photon phenomenon on Earth (>40 MeV) [Marisaldi et al., 2010] . When first discovered [Fishman et al., 1994] , they were believed to be produced at high altitudes and related to sprites. With new observations [Cummer et al., 2005; Dwyer and Smith, 2005] and new analyses [Østgaard et al., 2008; Gjesteland et al., 2010] , it is now established that their production altitude is <20 km and probably below the tropopause. Recent studies strongly suggest that TGFs occur during the initial phase of a normal polarity intracloud (IC) lightning flash, bringing negative charges upward [Stanley et al., 2006; Shao et al., 2010; Lu et al., 2010; Cummer et al., 2011] . By applying a new and more sophisticated search algorithm to the data obtained by Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI), more than twice as many TGFs than previously reported have been identified [Gjesteland et al., 2012a] , mostly weaker TGFs, increasing the probability to have supporting data to address the relation between TGFs and lightning. Here we report the very first simultaneous observations from space of a TGF and the corresponding optical lightning signal. By fortuitous coincidence, two independent satellites passed less than 300 km from the thunderstorm system that produced a TGF that lasted 70 s. In addition, we have two independent measurements of radio signals from the event, giving us unique coverage of the sequence of events related to the TGF.
Results
[3] On 27 October 2006 at 04:56:03 UT, RHESSI and the Lightning Imaging Sensor (LIS) on the Tropical Rainfall Measuring Mission (TRMM) flew over the same thunderstorm that had developed over Lake Maracaibo in northern Venezuela. The site is known for its frequent and powerful lightning flashes, Catatumbo lightning. Simultaneously, the two satellites observed a weak TGF and the optical signals from a lightning discharge (Figure 1 ). Very low frequency (VLF) radio emissions produced by the same thunderstorm were recorded by both sensors near Duke University and by the World Wide Lightning Location Network (WWLLN). LIS, with a detection efficiency of more than 85% [Christian et al., 2003] , provides a precise location and time history of the optical emissions. WWLLN, which had a lightning (IC and cloud-to-ground) detection efficiency of 2.3% in 2006 [Abarca et al., 2010] , confirms the location of the source. The continuous VLF signal from the Duke sensors provides the detailed sequence of the radio emissions. Having both the TGF and the optical signals and two independent measurements of VLF signals, the two latter with temporal accuracy of 20 s (Duke) and 45 s (WWLLN), gives us a unique opportunity, even with the RHESSI and LIS time uncertainties (0.4 ms and 0.2 ms, respectively), to untangle the sequence of events in this lightning activity that produced the TGF. By comparing the WWLLN matches with the new RHESSI TGFs and correcting the RHESSI TGF times for the light travel time from WWLLN times at the source to the satellite, Gjesteland et al. [2012b] showed that there is a systematic lag of the RHESSI clock by 1.9 ms with an uncertainty ( ) of 0.4 ms.
[4] Within a 12 s window, LIS detected lightning activity from three different convective cells about 30 km apart (marked with #1, #2, and #3 in Figure 2b ). The lightning started in the convective cell with the coldest cloud (Figures 2b-2i ) and developed as one would expect for an IC discharge: during the initial stage, a leader formed deep in the thundercloud (Figure 2b ) then propagated upward before extending horizontally when it reached the cloud top (Figure 2c ) [Shao and Krehbiel, 1996; Thomas et al., 2000] . The TGF and the VLF signals were observed during the first detected optical emissions in cell #2 (Figure 2b) .
[5] Figure 3a shows the optical signals detected by LIS in the interval˙6 s relative to the TGF observed by RHESSI. Six radio signals were detected by WWLLN during that interval and one of them is simultaneously with the TGF. The TGF detected by RHESSI is a weak one with only 10 counts (Figure 3b ). For the exact timing of the events, we refer to Figure 3c and Table 1 . All times, except for WWLLN, have been shifted back to the source location determined by LIS, by subtracting the propagation time to RHESSI 618 km away as well as the systematic lag of the RHESSI clock by 1.9 ms, LIS 412 km away, and Duke 3010 km away. The WWLLN time is shifted back to source location determined by the five WWLLN stations several thousand kilometers away, giving a total timing and location uncertainty of 45 s and 15 km, respectively. To determine the time of the first optical emissions detected by LIS, we notice the following: In the first 2 ms integration window ( Figure 2B ), three pixels are weakly illuminated while the same three pixels are among the brightest in the next 1.5 ms window. This indicates that the optical pulse was split between the two frames, with only 25% of the energy in the first frame. Considering a typical rise time of the pulse of about 150 s, we therefore believe the first optical signal started at 04:56:03.08062 UT. For a temporal analysis, we consider the following: First, Duke recorded a weak VLF signal (a in Figure 3c ) at 04:56:03.07624 UT that could signify the initiation of the streamer/leader formation. Then, two distinct VLF radio pulses were recorded (b and c in Figure 3c ) by Duke while the automated algorithm by WWLLN triggered on and geolocated the first one (pulse b is recorded by Duke and WWLLN simultaneously, within 50 s). LIS detected the first optical signal about 0.50 ms (nominal time) after pulse b (Duke and WWLLN), and the peak of the optical signal (Figure 2c and 2C in Figure 3c ) was almost simultaneously with radio pulse c. These observations are consistent with a leader forming deep in the thundercloud propagating upward to become optically visible by LIS when it reaches about 12-15 km [Thomas et al., 2000] . Assuming typical values of leader upward propagation speed for the initial stage of an IC flash of 1.5-3 10 5 m/s [Shao and Krehbiel, 1996; Behnke et al., 2005] , a time difference of 4.4 ms (between VLF pulse a and LIS) implies that the leader traveled 650-1300 m before it became detectable by LIS and 900-1800 m (after 6 ms) before it extended horizontally in the positive charge layer at the cloud top (Figure 2c) .
[6] Using the nominal detection time by RHESSI, the TGF was recorded simultaneously with the VLF pulse b (within 100 s). Even with the uncertainty of RHESSI timing of 0.4 ms, these observations definitely show that the TGF was produced during the initial stage of the IC discharge (Figure 2) . The TGF reported here is part of the new distribution identified by a new algorithm applied to the RHESSI data [Gjesteland et al., 2012a] and is weaker and shorter than the TGFs previously reported. As the TGF is observed within a nadir angle <30 ı , this could be a truly weak TGF and not just attenuated by absorption and Compton scattering [Østgaard et al., 2008; Gjesteland et al., 2011] . However, it is more likely that the TGF was produced just a few kilometers lower than average in the thundercloud. The charge moment derived from the Duke signal of 48 C km is about average for lightning that have been related to TGFs [Cummer et al., 2005] and supports such a lower production altitude.
[7] Even though the timing coincidence between RHESSI TGF and VLF pulse b indicates that the VLF pulse b is produced by the TGF [Cummer et al., 2011; Dwyer, 2012] and not by the bright optical signal detected by LIS 0.5 ms later, the uncertainty of RHESSI and LIS timing (0.4 ms and 0.2 ms, respectively) prevents us from drawing such a conclusion based on the relative timing only. However, there are additional factors that indicate that this is indeed the case. First, the observed TGF had a short duration of 70 s (t FWHM ) from which a current moment of 13 kA km can be estimated [Dwyer, 2012, equation (24) ]. This is comparable to the current moment derived from the Duke signal of 24 kA km. Second, in 2006 WWLLN had a detection efficiency of only 1.8% of IC lightning increasing to 4.8% in 2009 [Abarca et al., 2010] . For the new RHESSI TGFs, the match rate with WLLNN is as high as 12.4% in 2006, and for the short TGFs detected by Fermi, the match rate is more than 40% for TGFs with t FWHM < 160s increasing to >50% for t FWHM < 120s in 2008-2011 [Connaughton et al., 2012] . (For comparison with t 50 in Figure 2 by Connaughton and et al. [2012] , the conversion is t FWHM = 2 p 2 ln 2 = 2.35 0.74 t 50 .) The fact that WWLLN did detect the VLF emissions (pulse b) coincident with the short TGF and not the one coinciding with the optical emissions (pulse c) is consistent with the factor of 10 times larger detection efficiency of TGFs than of ICs and supports our conclusion that the VLF pulse b was produced by the TGF itself.
Summary
[8] We have reported the very first simultaneous observations of a TGF and the corresponding optical lightning signal observed from space. With the support of two independent measurements of radio signals from the event, we have a unique coverage of the sequence of events related to the TGF. Our observations show that this weak and short TGF (70 s) was produced deep in the thundercloud at the initial stage of a normal polarity IC lightning propagating upward before the leader reached the cloud top and extended horizontally. A strong radio pulse that was detected and geolocated coincidentally with the TGF was most likely produced by the TGF itself. This is the first time the sequence of radio pulses, TGF, and optical emissions in an IC lightning flash has been identified.
